sodium and the filtcrcd load of sodium, i.e., glomerulotubular balance, has been extensively investigated in the proximal convolution.
The degree of glomerulotubular balance present in the proximal convolution has been shown to be influenced both by the manner in which the filtered load was altered and the physiologic state of the animal studied (24). In the proximal convolution, evidence has been presented to indicate that glomerulotubular balance is mediated by the postglomerular oncotic pressure (7) and the intraluminal flow rate (3). There is a considerable amount of data which suggest that the relationship between sodium delivery to and sodium reabsorption in the superficial loop of Henle is such that under a variety of experimental conditions a relatively constant fraction of the sodium delivered is reabsorbed. For example, fractional sodium reabsorption in the loop of Henle has been observed to be essentially the same in nondiuretic rats and in rats undergoing isotonic and hypertonic saline diuresis (9, 14, 19) . Similarly, absolute sodium reabsorption in the loop was noted to decrease in parallel to sodium delivery as the latter was diminished by partial renal artery (20) or renal vein constriction (1). In a microperfusion study of the superficial loop of Henle in the rat, Schnermann (25) observed that fractional reabsorption was little affcctcd as the perfusion rate was widely varied in one group of control rats and in rats undergoing either saline or mannitol diuresis. These studies provide cvidcnce, therefore, that changes in absolute sodium reabsorption in the loop of Henle closely parallel changes in sodium delivery and that the character of this relationship may be unaffected by the manner in which sodium delivery is altered.
In seeming contrast to the above studies, the microperfusion studies of the superficial loop of Henle by Morgan and Berliner (22) suggested that fractional reabsorption in the loop is not constant but is inversely related to the magnitude of the sodium delivered.
The present studies were performed in order to examine the relationship between sodium delivery to and sodium reabsorption in the superficial loop of Hcnle and in the distal convoluted tubule (loop and distal segments) under the following experimental conditions : 1) when delivery was modestly increased with minimal changes in the extracellular fluid (ECF) 1 vo ume; 2) when delivery was increased in association with acute progressive isotonic ECF volume expansion; and 3) when delivery was decreased by partial aortic constriction during acute progressive isotonic ECF volume expansion.
METHODS

Malt
Sprague-Dawley rats weighing 290-370 g were used in all studies. Prior to study, the rats were permitted free access to normal rat pellet diet and water. The rats were anesthetized with intraperitoneal Inactin (Promonta, Hamburg), 100 mg/kg, and then prepared for micropuncture as previously described (17) except that no fluid was given to replace surgical losses. Urine for analysis was obtained from a catheter period L4, the studies were performed as in group I. Following period A, the infusion rate of the 10 % inulin solution was increased to 37.5 pl/min' and, in addition, the saline-bicarbonate solution was infused at 500 pl/min. These infusions were administered until a quantity equivalent to 10 % of the body weight of the rat had been given (approximately 60 min). Thereafter, the saline-bicarbonate infusion was adjusted so that the total infusion rate exceeded the urine flow rate by 30-100 pl/min and period B was started. During period B, tubular fluid recollections together with arterial blood and urine samples were obtained.
Grou. 111 (Decrease in Sodium Delivery by Partial Aortic Constriction Ihring Progressive Isotonic ECF Volume Expansion), Six Rats
In addition to the usual surgical preparation, a fine silk ligature was placed around the abdominal aorta cephalad to both renal arteries. After the rat was prepared for study, the saline-bicarbonate solution was administered at 20 pl/min for 2 h. Following this 2-h interval, 10 % inulin in saline-bicarbonate was infused at 37.5 pl/min and a second solution of saline-bicarbonate was infused at 500 pl/min. The infusions wcrc continued until an amount equal to 10 % of the body weight of the rat was administered.
Thereafter, the infusion rate again was reduced to a rate which exceeded the urine flow rate by 30-100 pl/min. Tubular fluid samples were then collected from proximal and distal tubules and arterial blood and urine collections were obtained (period (1). The infusion rate of the inulin solution was then decreased to 20 pl/min, and the saline-bicarbonate solution infusion rate increased by approximately 40 pl/min. Immediately thereafter the silk ligature was pulled through polyethylene tubing, partially constricting the aorta, and lowering the arterial blood pressure to a level between 75 and 85 mmHg. After a 25 to 30-min interval, the tubules were restudied and arterial blood and urine samples were again obtained.
Group IV, Five Rats
This group served as a control for group III. All aspects of these studies were identical to group 111 except that the aorta was not constricted after period A. However, as the TF/P K+ ratios during hydropenia, groups I and II, were 2.2 and 2.5, respectively, it can be assumed that the late distal sites were in the distal one-half of the distal convoluted tubule. For purposes of the present study, no attempt has been made to characterize sodium reabsorption between the late distal puncture site and the urine. Although distal tubular fluid samples were not obtained under hydropenic conditions in groups 111 and IV, the sites were selected for puncture in the same manner as in the other groups.
Glass micropipettes of 7-9 and 5-7 pm OD containing Sudan black-stained mineral oil were used for the collection of proximal and distal tubular fluid samples, rcspcctivcly. Oil droplets, 3-5 tubular diameters in length, were placed distal to the tip of the collection pipette. Thereafter, the collection of tubular fluid was initiated by gentle aspiration. No tubule, proximal or distal, was restudied if the intraluminally placed oil droplet did not leave the puncture site shortly after collection of the initial tubular fluid sample. In the distal tubule, the early convolution was not sampled until the oil droplet left the late convolution and flowed well downstream and tubular flow was reestablished. Proximal tubular fluid samples were collected for inulin analysis and subsequent determination of the single-nephron glomerular filtration rate. Accordingly, they were collected over accurately timed intervals of 1-2 min. Distal tubular fluid samples were collected for subsequent inulin and sodium analyses.
The volume of the proximal tubular samples was measured in a calibrated quartz capillary of constant internal diameter.
The inulin concentration in tubular fluid samples was determined by the method of Vurek and Pegram (28). The proximal tubular inulin determinations were performed in duplicate or triplicate and the distal tubular determinations were performed usually in duplicate. The inulin concentration in plasma and urine was determined with the anthrone method described by Fiihr, Kaczmarczyk, and Krtittgcn (12). Tubular fluid sodium concentrations were determined with a helium glow photometer (27). Sodium concentrations in plasma and urine were measured on an Instrumentation Laboratory model 143 flame photometer.
Plasma solids (7;) were determined by hand refractometry.
The plasma inulin concentrations were corrected for plasma water; no water or Donnan correction was used for sodium.
Calculations : n) single-nephron glomerular filtration rate (SNGFR nl/min) = proximal tubular flow rate (TFR, nl/min) X tubular fluid-to-plasma (TF/P) inulin ratio. b) Absolute reabsorption of filtrate in the proximal convolution ('&" nl/min) = SNGFR -TFR. c) Nephron-filtered sodium load (peq/min) = SNGFR X plasma sodium concentration (peq/nl). d) Sodium reabsorption in each individual loop segment = quantity of sodium (peq/min) leaving proximal convolution (data from all proximal convolutions studied in each period in that rat) minus the quantity of sodium at each early distal tubular site. The latter value is obtained by the early distal TF/P Na+ ratio/ TF/P inulin ratio times the nephron-filtered sodium load. c) Quantity of sodium reabsorbed in individual distal segments = quantity of sodium (peqh-9 present at the individual early dis tal site min us the quan .tity (peq/min) present at the late site in the same distal tubule as calculated in d.
The results are expressed as the mean & 1 SE. The Student t test was used in the statistical analysis of the results.
RESULTS
Base-line Control Studies Table  1 illustrates the results obtained from the control tubular fluid collection and recollection studies of the proximal and distal tubules. As can be seen in the top portion of the table, the collection and then the immediate recollection of proximal tubular samples did not alter the TF/P inulin ratio. The SNGFR increased slightly but significantly in these immediate recollections.
In those distal tubules in which the localization procedure described previously was utilized, subsequent tubular fluid collections and recollections did not appear to affect either the TF/P inulin ratios or the sodium or potassium concentrations.
Further control observations included the determination of the SNGFR in proximal tubules, previously punctured during hydropenia, and in fresh proximal tubules following 10 % body wt isotonic expansion:
In these studies, following the ECF expansion, the infusion rate was continued at 137 pl/min.
The SNGFR determined from samples obtained Table 2 were performed.
In these two rats, late distal tubular convolutions were localized by lissamine green dye as outlined previously and a pair of distal tubules with comparable transit times were matched.
In one of the pair of distal tubules, the associated early distal convolution was localized. Thereafter, samples were collected during hydropenia from the late and early convolutions of the distal tubule in which both portions were localized. The rats were then infused with isotonic saline-bicarbonate as described previously for the group II studies. Tubular fluid samples were then collected from all the late distal convolutions.
As shown in Table 2 , the results from the two groups of late distal tubules were similar, suggesting that distal tubular function measured following saline infusion does not appear to be aflected by prior micropuncture sampling as done in these studies.
volume and sodium excretion did not differ significantly in period B from those observed in Period A. In addition, the arterial blood pressure, hematocrit, and plasma sodium concentrations were unchanged. The concentration of the plasma solids, however, decreased from 6.7 It . 11 % to 6.4 r+ .lO%, P < .OOl.
The end-proximal TF/P inulin ratio fell significantly from 2.59 ZIZ .I l,period A, to 1.81 & .07,period B, P < .OOl. This decrease was entirely attributable to a decrease in c as the SNGFR was unchanged.
A decrease in the TF/P inulin ratio was observed in each of the 22 tubules studies. The resulting increase in delivery of filtrate from the proximal convolution was associated with a decrease in the early and late distal tubular TF/P inulin ratios in period B, in comparison to period ,4. The ratios decreased from 6.8 rt .4 to 4.0 =t .2, P < .OOl, and from 15.5 & 1.6 to 8.4 =t .9, P < .OOl, in the early and late sites, respectively.
The TF/P Na+ ratio at the early distal site increased slightly but significantly from .25 zt .Ol, period A, to .29 ZII .Ol, period B, P < .02; the late distal TF/P Na+ ratio, however, did not change significantly.
Study GYOU,S I-IV
The results of the clearance and micropuncture studies in these four groups are listed in tabular form on Tables 3  and 4 .
Group I (minimal increase in sodium delivery): These studies were performed to examine the relationship between sodium delivery and sodium reabsorption in the loop and distal segments when delivery was modestly increased with minimal change in the ECF volume.
In contrast to others (6), we have observed that a l-h interval between two tubular fluid collection periods during which the rats were infused at 20 pl/min was associated with a decrease in fractional sodium reabsorption in the proximal tubule in the second period (17).
The changes which occurred in the fractional reabsorption of sodium in the individual loop and distal segments in this group are shown in Figs. 1 and 2. In the individual loop segments, Fig. 1 , fractional sodium reabsorption fell from 89.9 =t 0.99 %, p eriod A, to 86.2 rt 0.78 %, period B, P < .Ol. In the individual distal segments, Fig. 2 , fractional sodium reabsorption in period A, 67.7 If 3.16 %, was similar to that in period B, 68.2 rt 3.3 %, P > .5. equivalent to 14 % of the filtered load of sodium, absolute delivery was paralleled by the increase in absolute sodium sodium reabsorption increased from 2,189 =t 94 to 2,95 1 3~ reabsorption. As a result, although the proportion of the 171 peq/min, P < .OOl. filtered load presented to the early distal site increased from In the distal segment, Fig. 4 Grou/~ II (marked increase in sodium delivery to the loop an.d distal segments in association with acute progressive isotonic EC.F volume expansion). As shown in Tables 3 and 4, the control clearance and micropuncture data from period A in group II arc comparable to those observed in period A, group I. Expansion of the ECF volume rcsultcd in an increase in the GFR and in the fractional and absolute rates of sodium excretion.
As shown in
The fractional excretion of sodium increased from 0.034 70 rt .Ol, p eriod A, to 5.9 % =t .38, period B, I? < .OOl. As cxpcctcd, the arterial hematocrit and concentration of plasma solids decreased significantly.
The arterial blood pressure and plasma sodium concentration were not significantly affected.
The SNGFR ( I' < .05. In contrast to group 1, the increased delivery of sodium from the superficial proximal segment in period B of group II is largely the consequence of the increased SNGFR, the increased delivery as a result of decreased proximal reabsorption being less significant. In the distal tubule, the TF/P inulin ratios in the early and late sites both decreased markedly and significantly after ECF volume expansion.
In the early distal site, the TF/P inulin ratio decreased from 5.7 =t .4 to 2.13 & .08, p < .OOl ; in the late site it decreased from 14.0 Z!Z 1.2 to 2.53 & .14, P < ,001. The TF/P Na+ ratio increased in both the early and late distal tubular sites following the acute ECF volume expansion.
The early distal TF/P Na+ ratio rose from .24 III .02, period A, to .42 =t .O 1, period B, P < .OO 1; the late distal TF/P Na+ ratio rose from .18 =t .02, period *4, to .33 + .02, Period B, P < .OOl. The magnitude of the increase at both the early and late distal sites was grcatcr than in gro@ I. In Figs. 5 and 6 are illustrated the changes in the fractional reabsorption of sodium in the individual loop and distal segments as sodium delivery to these segments increased in association with ECF volume expansion.
In the loop segments, Fig. 5 , fractional sodium reabsorption fell from 90.0 & .81 % to 71.5 rt .96 %, P < .OOl. In the distal segments, Fig. 6 , fractional sodium reabsorption also decreased markedly from 68.2 & 3.34 % to 33.4 & 3.11 %, P < .OOl. The similarity of the fractional reabsorption observed in the loop and distal segments during period A of Groups I and 11 should be noted.
In Figs. 7 and 8 the relationship of sodium delivery to the loop and distal segments to sodium reabsorption in these segments is plotted. The interrupted lines are again drawn corresponding to the percent fractional reabsorption observed in period A. As sodium delivery to the loop segment is increased from 2,999 rt 199 to 7,807 rt 377 peq/min, P < .OOl, absolute reabsorption likewise increased from 2,692 =I= 94 to 5,446 & 230 peq/min, P < .OOl. A decrease in fractional reabsorption in period A compared to period B is indicated by the position of the results of period B below the interrupted line. As sodium delivery to the distal segment, Fig. 8 P < .OOl, the absolute reabsorption of sodium also increased from 203 St 20 to 708 zt 63 peq/min.
Again the period B results fell below the interrupted line illustrating the decrease in fractional reabsorption. Group III (decrease in sodium delivery to the loop and distal segments as partial aortic constriction is imposed during acute progressive isotonic ECF volume expansion). In these studies period A was completed following isotonic ECF volume expansion equivalent to 10 % of the weight of the rat. Thereafter, during continued expansion, sodium delivery to the loop and distal segments was decreased by partial aortic constriction.
Comparison of the clearance data, Table 3 , period A, in this group, with period B, group II, indicates that the response to the infusion was similar. Partial constriction of the aorta reduced arterial blood pressure from 111 rt 4.2 to 80 & 1.9 mmHg, P < .OO 1. The GFR decreased from 3.25 rt .15 to 2.83 & .15 ml/min, P < .05. Following partial aortic constriction, both absolute and fractional sodium excretion decreased, the latter from 6.47 rtz .62 % to 1.70 rt .39Yo, P < .OOl, of the filtered load. As expected, progressive expansion during aortic constriction resulted in a further decline in the arterial hematocrit and the concentration of the plasma solids.
KUNAU, WEBB, AND BORMAN
Partial constriction of the aorta resulted in a decrease in the SNGFR from 66.0 rt 2.3 nl/min, @-iod A, to 49.7 rt 1.6 nl/min, period B, P < .OOl, and an increase in the TF/P inulin ratio from 1.48 & .04, period A, to 1.62 zt .03, period B, P < .OOl. Absolute reabsorption of filtrate, c, in the proximal segment, however, did not change. The decrease in sodium delivery to the superficial loop segment follawing aortic constriction in these studies, therefore, was due entirely to a decrease in SNGFR.
In the distal tubule, the TF/P inulin ratio increased at both the early and late sites from 2.46 rt .07 and 2.80 =t .12, period A, to 2.91 =t .15 and 3.56 rt .18, period B, P < .OOl and < .OOl, respectively.
The TF/P Na+ ratios at both the early and late distal sites were significantly decreased following aortic constriction, period B. The changes in the TF/P Na+ and TF/P inulin ratios in this group in which sodium delivery was diminished during progressive isotonic expansion are opposite in direction to those noted in group II. distal segments. In the loop segments, Fig. 9 , fractional reabsorption rose from 76.7 =t 1.10 %, period A, to 8 1 .O & 1.05 %, period B, P < .OOl. In the distal segments, Fig. 10 , fractional reabsorption also increased in most segments, the mean from 36.0 rt 3.4 %, period A, to 46.2 rt 2.5 %, period B, P < .005. Figures  11 and 12 illustrate the relationship between changes in sodium delivery and sodium reabsorption which occurred in the loop and distal segments of this group. In Fig. 11 , delivery to the loop segment decreased from 6,544 & 565 to 4,479 rt 257 peq/ min, P < .005; absolute reabsorption also decreased from 5,022 ZIZ 304 to 3,624 =t 133 peq/min, P < .OOl. That fractional reabsorption increased is indicated by the presence of the results from period B above the interrupted line. In Fig. 12 , as delivery to the distal segment was decreased by aortic constriction from 1,522 rt 114 peq/min, period A, to 856 rt 66 peq/min, period B, P < .OOl, absolute reabsorption also decreased from 536 =t 52 peq/ min, period A, to 392 & 29 peq/min, period B, P < .02.
Group IV. This group was performed to serve as a control for group III. As noted in Tables 3 and 4, both In all groups, absolute sodium reabsorption in the loop segment varied in the same direction as sodium delivery. The results in groups I and III indicate that modest variations in sodium delivery to the loop segment, equivalent to the sodium in approximately 7-l 5 nl of proximal tubular fluid, respectively, were associated with small but significant changes in fractional reabsorption.
In group II, a large increase in sodium delivery to the loop segment was associated with a greater change in fractional reabsorption, a response which was similar to but more marked than in group I. The present studies, while demonstrating a direct relationship between sodium delivery and absolute sodium reabsorption in the loop segment, indicate that the variations in delivery are not associated with proportionate changes in absolute reabsorption.
These results would appear to be consistent with those of Morgan and Berliner (22) who observed that as the perfusion of an isotonic saline or a saline-raflinose solution through the superficial loop of Henle of the rat was increased in step-wise fashion, fractional reabsorption progressively decreased. A pattern of response similar to this, although perhaps more marked, was also noted by Schnermann (25) in one group of control rats in which the loop was perfused at varying rates.
The present study is not in agreement with the results of others which have suggested that fractional sodium reabsorption in the superficial loop of Henle is relatively constant as sodium delivery is varied by a number of experimental maneuvers.
Landwehr, Klose, and Giebisch (19) and Cortney ct al. (9) have observed that fractional sodium reabsorption in the loop of Henle to be slightly greater and essentially the same, respectively, when isotonic salineloaded rats were compared to nondiuretic rats. Fractional reabsorption in the loop was also observed to be similar in nondiuretic and rats infused with hypertonic saline (9, 14). Furthermore, Anagnostopoulos, Kinney, and Windhager (1) and Landwehr et al. (20) noted that reduction of sodium delivery by partial renal vein and partial renal artery constriction, respectively, in the hydropenic rat was associated with parallel reductions in the absolute rate of sodium reabsorption.
In addition to the differences in experimental technique which may be in part responsible for the difference in results between the above and the present studies, it is also possible that the physiologic state, e.g., hydropenic or saline loaded, of the animal studied and the manner in which sodium delivery is altered may have influenced the results obtained.
The latter has been demonstrated to be a determinant of the degree of glomerulotubular balance present in the proximal convolution (24). In any case, we feel the present studies provide strong evidence to indicate that although absolute sodium reabsorption in the loop varies in the same direction as sodium delivery to the loop, under certain conditions fractional reabsorption in the loop does not remain constant but is inversely related to sodium deliverv.
The extent to which the experimental techniques used in these studies to vary sodium delivery also alter the character of the response of the loop segment to changes in sodium delivery is uncertain.
It has been shown that isotonic saline loading does not affect the intrinsic reabsorptive capacity of the loop (22). Clearance studies that examined the influence of acute volume expansion (4), acute alterations in renal perfusion pressure (2), and peritubular capillary protein concentration (10) on free water formation are difficult to directly apply to the present studies. Such clearance studies likely examine sodium reabsorption in the ascending limb as well as in other nephron segments (16).
Several recent studies may explain, at least in part, why fractional reabsorption in the loop scgmcnt varies inversely to delivery.
In vitro studies of the thick ascending limb of the rabbit have indicated that the major portion of the sodium reabsorbed therein is passive and is the consequence of active chloride reabsorption (8, 23) . Sodium bicarbonate, on the other hand, is poorly, if at all, reabsorbed in the ascending limb (8). We have recently shown that the concentration of bicarbonate relative to chloride at the end of the proximal convolution increased slightly in association with small decreases in fractional sodium reabsorption (17) and to a greater extent after massive isotonic ECF volume expansion (11). As sodium delivery from the proximal convolution increased under these conditions, therefore, the ratio of NaHC03 to NaCl delivered also increased. A greater portion of the sodium presented to the ascending limb would then be expected to escape reabsorption.
Conceivably, therefore, the progressive decrease in fractional sodium reabsorption in the loop may be the result of an increasing NaHC03/NaC1 ratio as sodium delivery progressively increases. The role and magnitude of this effect in dictating the response in the loop segment of the present studies are, however, uncertain.
It should be noted that Schnermann (25) was unable to detect any difference in the reabsorptive characteristics of bicarbonate free and bicarbonate-containing perfusion solutions. Furthermore, Morgan and Berliner (22) utilized isotonic saline as one of their perfusion solutions and, as mentioned, observed rein the loop similar to the results absorptive characteristics of the present study. These studies, however, do not necessarily exclude changes in the NaHCOJNaCl ratio as being responsible for the variations in fractional reabsorption observed. Measurement of NaCl and NaHC03 reabsorption in the loop of Henle as sodium delivery varied would be required to clarify the influence of alterations of this ratio. Although there is some scatter in the data presented in Fig. 2 , on the average fractional reabsorption did not change as sodium delivery to the distal segment was modestly increased in group I studies. Absolute sodium reabsorption, therefore, increased in parallel with sodium delivery. In group II, although absolute reabsorption in the distal segment clearly increased following acute ECF volume expansion, it did not increase proportionately with delivery; fractional reabsorption, therefore, decreased. When distal sodium delivery was decreased by partial aortic constriction from the high rate associated with acute ECF volume expansion, group 111, absolute sodium reabsorption decreased and fractional reabsorption increased. Although not proven, the results in the distal segment would seem to be consistent with the concept that as sodium delivery is modestly increased, at low initial rates of sodium delivery, factors involved in sodium reabsorption can correspondingly increase the reabsorptive rate. Fractional reabsorption would then remain constant. However, this is not the case when sodium delivery is greatly increased, group II, or is significantly rcduccd from high rates of delivery, group III. Under the latter conditions, fractional reabsorption would vary with delivery.
It would also seem unlikely that the response observed in groujxs II and III was entirely the consequence of certain fcaturcs of the experimental design used to vary delivery. Based largely on the observations that: 1) neither isotonic saline loading (19) nor partial renal vein constriction (1) impa.ired the ability of the distal tubule to establish a maximal transtubular sodium gradient as measured under steady-
